Based on available evidence, we would propose the following. (i) Excesses of glucose and free fatty acids cause insulin resistance in skeletal muscle and damage to the endothelial cell by a similar mechanism.
Introduction
Insulin resistance is defined as an impaired ability of insulin to produce its usual biological effects at a cellular, organ or whole-body level. In humans, it is characteristically associated with such disorders as obesity, Type 2 diabetes, essential hypertension, endogenous hypertriglyceridaemia and coagulation abnormalities [1, 2] . In addition, in part because of the presence of these disorders and in part independently of them, insulin resistance is a risk factor for premature coronary heart disease [2] . Despite this observation, insulin resistance has been primarily studied in skeletal muscle and the basis for its independent relation to coronary artery disease is poorly understood.
In this brief review, we will examine data from our laboratories and others suggesting that common mechanisms could explain the insulin resistance in skeletal muscle and the early endothelial cell damage that is thought to initiate atherosclerotic vascular disease in diabetes. More specifically, the effects of excess glucose and fatty acids, such as are found in patients with diabetes, will be discussed. Excesses of these fuels alone and/or in combination have been shown to cause insulin resistance in skeletal muscle [3] [4] [5] and cell damage in cultured endothelium [6] [7] [8] [9] [10] . We will explore here the notions (i) that they produce these effects in both tissues by increasing fatty acid esterification and secondarily setting in motion a series of events that include protein kinase C (PKC) activation, increases in oxidative stress and activation of the inhibitor κB kinase (IKK)/nuclear factor κB (NFκB) system, and (2) that activation of the fuel-sensing enzyme AMPactivated protein kinase (AMPK) prevents these events from occurring.
Skeletal muscle: malonyl-CoA, fatty acid oxidation and esterification, and insulin resistance
In response to an increase in glucose availability, many cells, including those of skeletal muscle, inhibit the oxidation of fatty acids. In contrast, glucose deprivation or an increase in energy expenditure activates fatty acid oxidation. At a cellular level these events are regulated at least in part by changes in the activity of acetyl-CoA carboxylase (ACC), the enzyme that catalyses the synthesis of malonyl-CoA [11] [12] [13] . MalonylCoA is an allosteric inhibitor of carnitine palmitoyltransferase 1, which controls the transfer of long-chain fatty acyl-CoA from the cytosol into mitochondria where they are oxidized [13, 14] . Thus, increases in malonyl-CoA concentration inhibit fatty acid oxidation and presumably lead to an increase in its esterification, and decreases in malonyl-CoA have the [15] . Where examined, the muscle of these rodents has also exhibited increases in diacylglycerol and triglyceride (triacylglycerol) content and either PKC activity or the abundance of specific membraneassociated PKC isoforms [13] . Likewise, changes in PKC distribution have been observed in insulin-resistant, obese [16] and diabetic [17] humans. We recently assessed in normal adult men the cellular events associated with the impaired ability of insulin to stimulate glucose uptake into muscle when plasma free (nonesterified) fatty acid (FFA) levels are elevated by infusing fat and heparin during a euglycaemic/hyperinsulinaemic clamp. Prior studies had shown that the concentration of malonylCoA is increased in both human and rat muscle during the clamp [18] . After 6 h of the fat infusion (but not after 2 h), we observed impaired insulin-stimulated glucose utilization, 3-fold increases in diacylglycerol mass and membraneassociated PKC activity and a selective translocation of PKCβ 1 , β 2 and δ from cytosol to membrane [19] . A novel finding was that these changes were associated with a 75% decrease in the abundance of inhibitor κBα, suggesting activation of IKKβ and possibly the de-inhibition of the transcription factor NFκB. These findings take on added meaning in light of previous reports by Shoelson and his collaborators [20, 21] that implicated IKKβ, the IKK subunit primarily responsible for phosphorylating IκB(s) and targeting it for degradation, in the pathogenesis of insulin resistance. Thus they found (i) that a high dose of salicylate, which inhibits IKKβ, prevents the insulin resistance caused by infusing a rat with lipid during a euglycaemic/hyperinsulinaemic clamp [20] , and (ii) that IKKβ-knockout mice do not develop insulin resistance when fed a high-fat diet, whereas overexpression of IKKβ increases their insulin resistance [21] . The observation that PKC distribution is altered in both fat-fed rodents [22] and fat-infused humans [19] and rats [23] strongly suggests a link between PKC and IKKβ in these situations. As discussed elsewhere [19] , the insulin resistance could result acutely from direct effects of PKC or IKKβ on events in the insulin signalling cascade and chronically from NFκB-mediated expression of various genes [e.g. tumour necrosis factor α (TNFα)]. Another potential player in this scheme are reactive oxygen species (ROS), which in large amounts have been shown to cause insulin resistance in adipose and other tissues [24] . In this context, activation of PKC by glucose [7] [8] [9] and fatty acids [8] has been implicated in ROS generation in some cells including endothelium, and ROS in turn have been implicated in NFκB activation [25] , as has PKC [26, 27] .
The importance of esterified lipid deposition in insulin resistance has been highlighted by recent observations showing a close correlation between intracellular triglyceride content and an impaired ability of insulin to exert its usual biological effects in muscle and liver in vivo [14] . In the lipodystrophic mouse (i.e. with no adipose tissue), an extreme example of such fat deposition, very marked insulin resistance in vivo was reversed when the increased liver and muscle triglyceride content of these animals was diminished following adipose tissue implantation [28] . Likewise, a similar decrease in insulin resistance has been observed in lipodystrophic humans, when their lipid stores are diminished by an infusion of leptin [29] , which has also been reported to increase AMPK activity in skeletal muscle [30] . We would speculate that these correlations between triglyceride stores and insulin resistance reflect the influence of FFA derived from these stores on diacylglycerol synthesis and/or ROS generation.
AMPK
AMPK is activated in skeletal muscle by an increase in energy expenditure (exercise) and by fuel deprivation and hypoxia [12, 13] . When activated, AMPK phosphorylates and inhibits ACC and phosphorylates and activates malonylCoA decarboxylase, leading to a decrease in the concentration of malonyl-CoA and an increase in fatty acid oxidation [31] . In addition, it decreases fatty acid incorporation into glycerolipids, either secondary to its effect on fatty acid oxidation or by virtue of the fact that in some tissues it phosphorylates and inhibits sn-glycerophosphate acyltransferase, the first committed enzyme in diacylglycerol and triglyceride synthesis [31, 32] . In this context, it is of interest that in fat-fed rats a single injection of 5-amino-4-imidazolecarboxamide riboside (AICAR) [33] or prior exercise [22] , both of which transiently increase AMPK activity, cause sustained decreases in malonyl-CoA and increase insulin-stimulated glucose uptake in muscle 24 h later. AICAR has also been shown to increase insulin-stimulated glucose uptake by the muscle of control rats [33, 34] ; however, malonyl-CoA and PKC were not assayed in these studies.
Endothelial cells
The malonyl-CoA fuel-sensing and signalling mechanism
Until recently most investigators believed endothelial cells obtained the great majority of their energy from glycolysis and that fatty acid oxidation was of limited importance [35] . In keeping with an earlier study suggesting otherwise [36] , we found that high rates of fatty acid oxidation are demonstrable in human umbilical vein endothelial cells (HUVEC) when they are provided with carnitine [37] . Indeed, we were able to demonstrate that when these cells were deprived of glucose for several hours (i.e. no ATP derived from glycolysis), a 3-fold increase in AMPK activity and fatty acid oxidation occurred, and the concentration of malonyl-CoA was diminished by 80%. Even more striking, no decrease in ATP content was observed, indicating that the cells could maintain their energy state when fatty acids were essentially their sole fuel. Overall these findings suggest that a malonyl-CoA fuel-sensing mechanism, similar to that of muscle, operates in the endothelial cell and that it is regulated by AMPK.
Hyperglycaemia, FFA and endothelial cell damage
In later studies, we observed that incubation of HUVEC in a hyperglycaemic (30 mM glucose) medium for 72 h led to an increase in apoptosis (Tunel staining) that was preceded at 24 h by an elevated concentration of malonylCoA, inhibition of fatty acid oxidation, increased diacylglycerol synthesis, an increase in caspase 3 activity and an impaired ability of insulin at a physiological concentration (150 µ-units/ml = 10 −9 M) to activate Akt [9] . AMPK activity was not diminished at this time; however, the addition to the incubation medium of the AMPK activator AICAR both increased AMPK activity several-fold and completely prevented all of the abnormalities observed at 24 h. Likewise, infection of the HUVEC with a constitutively active AMPKadenoviral vector for 24 h prevented the increase in caspase 3 activity. When the HUVEC were incubated in media containing a normal concentration of glucose (6 mM), but excess fatty acid (palmitate, 0.2-0.4 mM), an even greater increase in apoptosis was observed, and this too was inhibited by AICAR. A hypothetical common mechanism to explain how hyperglycaemia and/or excess FFA lead to both insulin resistance in skeletal muscle and endothelial cell damage in diabetes is shown in Figure 1 .
Other factors contributing to endothelial cell damage
A substantial body of research has implicated inflammation in the pathogenesis of the early endothelial cell damage that eventually leads to atherosclerosis [38, 39] . In keeping with this finding, incubation of endothelial cells with excess glucose has been shown to lead to increases in cell Ca 2+ and reactive O 2 species [6] [7] [8] and NFκB activation as assessed by an increase in its translocation to the nucleus [6, 7] . A similar effect of fatty acids on ROS production has been observed [8] , and where studied it appeared to be PKC-dependent [7, 8] .
Effects of AMPK
In keeping with these earlier reports, we found that incubation with a hyperglycaemic medium increased DCHF fluorescence (cellular H 2 O 2 ) within 24 h, and that incubation with 0.4 mM palmitate increased both DCHF fluorescence, to a substantially greater extent than did glucose, and lipid peroxides (8-epi-PGF2 α ) [40] . Furthermore, the increase in ROS caused by both fuels was inhibited by AICAR. In contrast to the earlier studies [6, 7] , we found only a modest decrease in inhibitor κB degradation and no change in either NFκB translocation or transactivation (NFκB-mediated gene expression) after 16-24 h incubation in a hyperglycaemic medium, but we observed large alterations in all of these parameters in cells incubated with palmitate [10] . Incubation with AICAR, and in a few studies infection with a constitutively active AMPK-adenoviral vector, prevented the increases in NFκB translocation and transactivation [10] .
Activation of AMPK by oxidant stress
Interestingly, in addition to the activation of AMPK attenuating the generation of ROS caused by elevated glucose and fatty acids, we have obtained evidence that oxidants themselves can activate AMPK. For instance, we have found that incubation with H 2 O 2 leads to large increases in AMPK activity in HUVEC ( J. Keaney and Y. Ido, unpublished work). Recent studies also indicate that other oxidants, in particular peroxynitrite, are involved in apoptosis and adhesion-molecule expression in endothelial cells exposed to a high concentration of glucose [41] , due at least in part to generation of ROS by endothelial nitric oxide synthase [42] . In testing direct effects of peroxynitrite on endothelial cells, we observed phosphorylation of ACC and AMPK, indicating activation of AMPK. Furthermore, the phosphorylation of nitric oxide synthase (a direct downstream event mediated by AMPK), as well as an increase in its catalytic activity, were prevented by expressing dominant negative AMPK [43] . These findings suggest that oxidants stimulate AMPK, and that this could contribute to its activation in response to metabolic and possibly other stresses in the endothelial cell.
TNFα-induced NFκB activation
In keeping with the prior work of others, we found that the proinflammatory cytokine TNFα rapidly increased the translocation, DNA binding and transactivation of NFκB in HUVEC [44] . In addition, the expression of a number of NFκB-mediated genes was subsequently increased, including those for intercellular cell adhesion molecule (ICAM), receptor for advanced glycosylation end products (RAGE) and TNFα itself, all of which are increased in damaged endothelium. Interestingly, incubation with AICAR prevented these alterations in gene expression even though it failed to prevent the changes in NFκB translocation and DNA binding. This suggests that AMPK has a direct effect on the nucleus. In keeping with such a notion, TNFα-induced increases in NFκB acetylation in COS cells were blocked by transfection with constitutively active AMPK. Preliminary studies suggest that phosphorylation of the transcriptional co-activator p300 by AMPK accounted for this action [44] .
Irrespective of the precise mechanism, these findings indicate that AMPK may block the adverse effects of hyperglycaemia and excess FFA by more than one mechanism.
Other considerations
Other theories put forth to explain both insulin resistance and the complications of diabetes have implicated hexosamines [45] , advanced glycosylation end products [7] and lipotoxicity [46] . Of these, the lipotoxicity theory, with its emphasis on glycerolipid accumulation, apoptosis and the protective effect of leptin, most closely resembles the malonyl-CoA/AMPK hypothesis. It seems likely that research examining these two theories will ultimately become complementary.
Clinical implications
The findings reviewed here raise the possibility that AMPK activation could be a useful target for the prevention and treatment of disorders associated with insulin resistance, including atherosclerotic vascular disease [47] . Indirect evidence from human studies supports this notion. Thus exercise has long been known to increase insulin sensitivity in skeletal muscle [48] and, when performed regularly, it is associated with a decreased risk of heart attack [49] . Although the latter effect is generally attributed to a decrease in risk factors for coronary heart disease, such as dyslipidaemia and hypertension, the possibility that AMPK activation in the endothelium plays a role requires exploration. In this context, we have recently observed that 30 min after a treadmill run, AMPK activity is substantially increased in rat liver and adipose tissue, indicating that the exercise-induced changes in this enzyme are not confined to muscle [31] .
A second line of evidence relates to findings with the widely used anti-diabetic agent metformin. Metformin has long been known to lower blood glucose levels in patients with Type 2 diabetes by increasing insulin sensitivity. In 1998, the United Kingdom Prospective Diabetes Study (UKPDS) [50] reported that in contrast to other anti-diabetic therapies (e.g. insulin or sulphonylureas) metformin diminishes the incidence of cardiovascular disease when used as a monotherapy in obese patients with Type 2 diabetes. In the past year, Zhou et al. [51] demonstrated that metformin activates AMPK and causes AMPK-mediated changes in gene expression in rat liver cells. In addition, Goodyear and her co-workers [52] have found an increase in AMPK activity in skeletal muscle of patients treated with this agent, suggesting that AMPK could account for the therapeutic action of metformin in humans. Activation of AMPK by metformin has been shown in other cell types by Fryer et al. [53] and in cultured endothelium by our laboratory (Y. Ido, J. Cacicedo and N. Ruderman, unpublished work).
Finally, recent studies suggest that adiponectin, a hormone released by adipocytes that increases insulin sensitivity in experimental animals, is also an AMPK activator [54, 55] . Furthermore, overexpression of the globular subunit of adiponectin has been shown to diminish both the progression to diabetes in obob mice and the development of atherosclerosis in apo E-deficient mice [56] . The latter effect has also been observed in apo E-deficient mice overexpressing full-length adiponectin [57] .
